Anisotropic line broadening in cell-constrained wholepowder-pattern fitting (including the Rietveld method) is proposed to be modelled qualitatively. The object is primarily to improve the fit, with the expectation of an increase in the feasibility of an ab initio structure determination in difficult cases. In a first simple approach, distances from an origin to ellipsoid surface are considered to represent the directionally dependent widths and shapes. Improvements in the profile refinements with a decrease of up to about 50% in the R factors may be obtained in cases unaffected by faulting. Experimental cases support the method and show the application limits.
I. Introduction
There is today a clear tendency to interpret quantitatively diffraction line profiles by a model-based approach. The limitation is that the model cannot be built without structural knowledge. If the structure is unknown and line-broadening problems occur, then a qualitative approach is required. Without a single crystal suitable for structure determination, and if electron microscopy is hardly applicable, powder diffraction is the last-chance method. At this stage, when faced with the difficult problem of extracting a set of structurefactor amplitudes sufficient for Patterson or directmethods application, one is even not sure of the cell indexation. Performing a good whole-powder-pattern fitting (WPFF), either by the Pawley (1981) or Le Bail method (Le Bail, Duroy & Fourquet, 1988; Le Bail, 1992a) , gives confidence in the proposed cell. However, a good refinement cannot be achieved when the sample is ill-crystallized in a general sense: small nonspherical crystallites, microstrains, stacking faults etc. leading to anisotropic broadening effects. Consequently, the qualitative approach presented in this paper is targeted towards such difficult cases.
More generally, the main objectives for WPPF are (i) to obtain an estimation of all the structure-factor amplitudes for an ab initio structure determination and (ii) to refine the mean tridimensional structure (Rietveld method; Rietveld, 1967 Rietveld, , 1969 . To avoid instabilities in the case of a large degree of overlap, WPPF is performed using constraints supposed to apply to all reflections. For (i), these constraints may force some parameters to respect a cell, a space group, a selected profile shape, a predefined width angular variation law, the convolution product h --f • g (experimental, sample and instrumental profiles, respectively) with g fixed, or all simultaneously. The Pawley or Le Bail decomposition methods are currently the dominant procedures for WPPF without reference to a structural model, and they constitute an essential tool for ab initio structure determinations from powder data. For (ii), the structure constraint is added to the previous one so that the reflection intensities are no longer free parameters. Although WPPF without constraint is possible in simple cases, this paper considers only WPPF with at least the cell constraint.
Profile shapes and widths, which need to be well reproduced in WPPF methods in order to approach at best the structurally related intensities, may contain additional information if broadening intrinsic to the sample occurs. Extracting such microstructural information (size/microstrain; S/M) could be a third objective for WPPF. In fact, one may fail to realize objectives (i) and (ii) if f, or more generally h, cannot be modelled. Complex cases with this kind of problem are almost becoming the rule with the high resolution provided by the most recent synchrotron sources. Dealing qualitatively with anisotropic S/M effects can be performed in WPPF when the main objective is not specially devoted to crystal imperfection quantitative analysis, but is devoted firstly to improving the accuracy of extracted structure factors and of structural parameters (Amoros, Beltran-Porter, Le Bail, F~rey & Villeneuve, 1988; Pl~vert, Lou6r & Lou6r, 1989; lbberson & Prager, 1995) . In this paper, we follow this approach and propose a model able to account qualitatively for anisotropic (S/M) effects in WPPF and to produce improvements in the profile refinements with a decrease of up to ~, 50% in the R factors. In order to merit a 'direct quantitative' appelation, in principle the g instrumental function has to be kept fixed during refinements and h must be modelled by performance of the f. g convolution either directly or in Fourier space. The convolution in WPPF has been carried out (i) numerically with (Howard & Snyder, 1989) or without (Toraya, 1989 ) the structure constraint, (ii) in Fourier space with the summations replaced by a product of Fourier coefficients representingfand g (Le Bail, 1985) and (iii) through the simple expressions available (de Keijser, Mittemeijer & Rozendaal, 1983) when both f and g are described by analytical profiles. A detailed chronological presentation, concerning applications of the above methods, is reported by Le Bail (1992b) and to it can be added some more recent results (Latroche, Rodriguez-Carvajal, Percheron-Gurgan & Bourre-Vigneron, 1995) . In these studies, different procedures are adopted to deal with anisotropic broadening. It is worth noting that no computer program or method has been fully optimized until now to account quantitatively for all S/M problems in WPPF, maybe because it is reputed to be impossible.
The use of analytical functions such as Gaussian, Lorentzian, Pearson VII, Voigtian and pseudo-Voigtian is in agreement with the requirement of few refinable parameters in WPPF, but leads to relatively poor representations of S/M effects. Indeed, these simple functions are able to describe S/M effects in a limited range of cases (de Keijser et al., 1983) because they correspond to ultimate simplifications of the Warren equation. Nowadays, the most flexible choice concerning analytical profiles in WPPF is the 'double-Voigt' approach (Young & Desai, 1989; Balzar & Ledbetter, 1995) , which yields good approximations in some particular size and strain distribution functions (Selivanov & Smyslov, 1991; Yuming, Shansan & Yenchin, 1982) . However, a lot of possible cases escape this description. The current quantitative approaches of anisotropic broadening in WPPF have recently been reviewed by Le Bail (1995) . Now, two ways, qualitative and quantitative, may be considered to account for S/M effects in WPPF. The current views of defects do not allow serious quantitative estimation from powder patterns. Therefore, being able to extract the maximum amount of the structural information involved in a powder-diffraction pattern suggests the qualitative approach developed in the next section. Indeed, an increasing number of structure refinements are due to the Rietveld method, using empirical line profile shapes.
WPPF with a qualitative account for anisotropic line broadening
Here, S/M effects are simply taken into account by attempts to reproduce the h profile at best. There is no direct estimation of S/M effects and no proposition of parameters with physical meaning. However, as shapes and widths of all reflections are modelled, exploitation of the resulting profiles would further be possible, provided g is defined. Better fits are expected in this section because the degree of constraint is lower than in the previous one. The model developed in this section may be used in any complex case showing a high degree of overlap, in contrast with the procedure adopted by Ibberson & Prager (1995) . These authors obtained a substantial improvement on the whole profile by refining separately the Gaussian and Lorentzian components of each peak without reference to a particular line-broadening model. However, the procedure became untenable in regions of high peak density and a truncated data set was used in the final refinement.
In order to overcome instabilities due to neighbouring of peaks, some constraints are required for a description of FWHM (full width at half-maximum) and shape variations with a reasonable number of parameters. To take account qualitatively of S/M effects, an empirical function must be used, aimed at modelling (on h profiles) an eventual variation of both FWHM and shapes versus 20 and hkl Miller indices through modified U, V and W parameters in the Caglioti formula (Caglioti, Paoletti & Ricci, 1958 where U 0 are the elements of a second-rank symmetric tensor, whose number is limited by crystal symmetry ( Table 1) . Analogous expressions (not reported here) are used for V(hkt ) and W (hl, t) . In this second-rank tensor model (SRTM), the FWHM is still defined by the Caglioti law:
An analogous variation law may be applied to the peak shape factor using the parameters U(hkt ), V[hkt ) and W(hkt ). Thus, a maximum of 36 refinable parameters are obtained in the general case. This number is much less than in the study of Ibberson & Prager (1995) .
These modifications were incorporated in two Rietveld programs, MPROF (Murray & Fitch, 1989) and ARIT4/ARITB . In MPROF, peak shapes are analytical, either pseudo-Voight or Pearson VII. In ARIT4/ARITB, these are described by analytical Fourier coefficients (A, and B,) and a shape factor (K) able to generate profiles varying continuously between Gaussian and Lorentzian or even out of this range (Le Bail, Duroy & Fourquet, 1988) . For the symmetric part of the profile, the A,, coefficients are given by
where H is defined by equation (2) and the shape factor K by
The same expression as above is used in MPROF to calculate the mixing parameter of pseudo-Voigt or Pearson VII functions.
Three experimental illustrations with qualitative account for S/M in WPPF

Presentation
In the following, the SRTM is tested in three cases, which will illustrate the kinds of difficulties awaiting the powder-diffraction user involved in structure determination and refinement. All examples correspond to synchrotron powder-diffraction data, which are not really complex in the sense that less than 400 reflections contribute to the patterns. However, cases ten times more complex would remain manageable because the number of refined parameters is limited by symmetry constraints. This maximum number of 36 parameters should not be regarded as high when 10 or 100 time more reflections can be considered.
One case resisting constrained WPPF
PbC204 (triclinic symmetry) is an excellent example for which no current WPPF method using constraints on shapes and line widths gives a satisfying fit. Fig. 1 (Fig. 1) . As shown in Fig. 2(a) , the angular range 37-39 ° is one of the regions particularly affected. The structure constraint was then switched off and a few iterations using the Le Bail decomposition method were performed on the whole pattern. The reliabilities drop to Rp= 12.7 and Rwp = 16.3. A substantial improvement is obtained in the angular range 37-39 ° (Fig. 2b) . However, it is clear that the structure constraint is not the main problem.
The SRTM was then applied to the whole pattern of PbC204. The refinement of all the 36 parameters leads to R I=7.1,Rp=13.1,Rwp= 16.1 with the structure constraint ( Fig. 2c) and Rp = 10.7, Rwp = 13.8 by the Le Bail method (Fig. 2d) Of course, individual peak fitting yields largely better results on small groups of identified reflections. For instance, the eight reflections in the 37-39 ° 20 range were refined by the cell-constrained Le Bail method using the FULLPROF program (Rodriguez-Carvajal, 1990). The reliabilities in this range drop to Rp --4.9 and Rwt , --6.6 (Fig. 3) over, they are difficult to obtain as pure phases: most of the samples are contaminated by GaF3.3H20 and GaF3 residue, these impurities being themselves ill-crystallized. The synchrotron powder-diffraction pattern of a GaF3.3H20/GaF3 mixture was measured on the diffractometer 2.3 at Daresbury Laboratory over the angular range 15-82.2°20, counting for 4s per 0.01 ° step with a wavelength of 1.30098 (2) A. The pattern was refined by the Le Bail decomposition method using both the MPROF and ARIT4/ARITB programs with either the 'classical' model or the SRTM. WPPF was carried out on the whole available angular range (range I) as well as on the selected range 32-82.2 ° 20 (range II), in which all the most intense reflections are omitted. The refinement results are gathered in Table  2 and the final profiles in the range 32-82.2 ° are shown in Figs. 4 ('classical' model) and 5 (SRTM).* This time, the R factors have decreased by almost a factor of two ( Table 2 ) after application of the SRTM on both phases crystallizing in the rhombohedral symmetry. Apparently, this means that variations of FWHM and shapes according to (hk/) indices are in this case continuous and are thus rather well described by expression (1).
If the main objective of the current refinement had been to extract the structure factors for an ab initio structure determination, the gain in the R factor values given in Table 2 is yet sufficient for N --16. Between N --28 and N --40 the improvement is not really significant, demonstrating that all the SRTM parameters are not necessary to refine. A recommended sequence might be to refine W O. keeping U and V isotropic, then II/) if the previous refinement is stable (and the gain sigmficant) and so on. The peak shape parameters may be then refined in the same order as the half-width parameters. Stability and correlation problems will be case-dependent. Full instability and 100% correlation between the SRTM parameters will be observed when an attempt is made to refine an isotropic case with the anisotropic model.
Second case justifying the SRTM approach
A still more spectacular improvement using the SRTM is obtained on the synchrotron powder-diffraction pattern of the ordered phase of norbonane (CTHI2) of monoclinic symmetry. The refinement of the data in the angular range 14-100°20 (MPROF program) by the Le Bail method using the 'classical' model leads to the profiles shown in Fig. 6 .* The profile problems are clearly more severe than in the previous case with high final values for Rp = 16.2 and Rwp = 21.3 (U, V, W and U', V', W' parameters refined). In order to compensate partially for this difficulty, the structure determination (Fitch & Jobic, 1993) was achieved by separation of the reflections into three sets: the first one included (0k0) narrow reflections and the second one (Ok/) with k = l broadened reflections; the rest of the reflections were grouped in the remaining set. This allowed the structure to be well determined overall with more reasonable Rietveld R factors (R 1 --9.1 and Rwp = 13.8). When all the reflections are treated in a single phase, a very significant improvement is obtained after application of the SRTM (Fig. 7) . The R-factor values decrease by more than a factor of two to give Rp --6.9 and Rwp = 7.8 for 25 profile parameters refined (U, V, W and W' dependent on hkl, V' refined as an 'isotropic' value and U' not refined). The refinement of additional parameters does not yield any significant improvement. This demonstrates that equation (1) 
Conclusion
The high resolution available from X-ray synchrotron sources is expected to extend our capabilities for ab initio structure determination of complex materials from powder-diffraction data. It will also inevitably show evidence of weak imperfections previously undetected. Hence, improvements in WPPF techniques are required. For large imperfections, conventional X-rays (and neutron diffraction) still have a future. Progress has to be made. Asymmetric broadening due to microstructural effects and peak shift due to residual stress, among other phenomena, are today not well taken into account in cell-constrained WPPF. Suitable functions for automatically modelling FWHM and peak shapes showing eventual discontinuous variations in reciprocal space are needed, otherwise groups of reflections will have to be separated, yielding unavoidable difficulties when overlapping reflections are fitted separately.
In this paper, it has been shown that considerable improvements may (sometimes) be obtained in wholepattern refinement of powder-diffraction data highly perturbed by anisotropic size/microstrain effects by the use of special constraints on FWHM and peak shapes as a function of ( expected to be reported on the accuracy of the extracted structure factors and on the refined structural parameters. Moreover, quantitative information could be, in principle, accessible by a further treatment of the h functions that are available for all reflections in the pattern (provided g is defined). Further evolution in the ways of accounting for size-strain effects in whole powder-pattern fitting is certainly needed.
